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Abstract  
High temperatures and the intensive use of air conditioning are considered the main 
drivers of the increase in Brazil’s electricity demand in the summer, which has been 
causing major power cuts due to insufficient supply to meet peak demand. This paper 
analyses the techno-economic aspects of Ice Thermal Energy Storage (ITES) in Brazil, 
as a technology that can be used to shift building cooling load to off-peak time. ITES is 
assessed in five cities and five archetypes of commercial buildings, using two different 
operation strategies and two types of chillers, for new installations and retrofits. Results 
have shown that ITES can effectively shape peak demand in commercial buildings, 
generating economic gains for building owners but also losses in some cases. Although 
the climate plays an important role, the electricity tariffs vary significantly from city to 
city and this determined the economic feasibility of ITES. The technology’s potential to 
shape demand in Brazil’s commercial sector can encourage policy makers, regulators, 
grid operators and utilities in considering ITES as an option to reduce peak demand, 
increase security of supply and support the integration of intermittent renewable 
generation. 
Keywords: Building cooling load; Economic analysis; Energy storage; Ice thermal energy 
storage; Peak demand; Tropical climates. 
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1. Introduction 
With high temperatures and the intensive use of air conditioning as the main 
drivers of the increase in Brazil’s energy demand in the summer (EPE, 2014; 
EPE, 2015a), major power cuts due to insufficient supply to meet peak demand 
occurred on the 4th February of 2014, at 14:03, and on the 19th January of 2015, 
at 14:48 (MME, 2014; MME, 2015). Although Time-of-Use (ToU) tariffs in 
Brazil consider peak demand time to be from 17:00 to 20:00, the Government 
energy research agency (EPE) undertook a study to understand changes in the 
country’s daily load profile. A significant load shift was noticed from current on-
peak tariff time to off-peak tariff time in the summer, associated with the 
intensive use of air-conditioning (AC), while peak load continued to occur during 
on-peak tariff time in the winter (EPE, 2015b). Figure 1 and Figure 2 show how 
the country’s daily load curve has been changing from 2000 to 2014. 
 
Figure 1 - Daily load curves in summer (Data source: EPE, 2015b) 
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Figure 2 - Daily load curves in winter (Data source: EPE, 2015b) 
As the impacts of the intensive use of air conditioning on the electric system are 
likely to increase, Cool Thermal Energy Storage (CTES) can be used to shift 
building cooling load to off-peak time and reduce peak electricity demand in the 
case of intensive air conditioning use (ASHRAE, 2007; Spataru et al., 2014). 
There are three types of CTES: Chilled Water Storage (CWS), Ice Thermal 
Energy Storage (ITES) and Phase Change Materials (PCMs) (Hasnain, 1998; 
Dinçer & Rosen, 2011; Parameshwaran et al., 2012). PCMs used for CTES are 
eutectic salts that change phases (liquid/solid) at temperatures around 8°C 
(Dinçer & Rosen, 2011). Table 1 presents a comparison of these three types of 
CTES systems.  
Table 1 - Comparison of CTES systems (Yau & Rismanchi, 2012) 
 
CWS ITES 
PCM  
(Eutectic salts) 
Specific heat (kJ/kg-K) 4.19 2.04 - 
Latent heat of fusion (kJ/kg) - 333 80-250 
Chiller type Water Secondary coolant Water 
Chiller cost ($/kW) 57-85 57-142 57-85 
Tank volume (m3/kWh) 0.089 - 0.169  0.019 - 0.023  0.048 
Charging temperature (ºC) 4 to 6 -6 to -3 4 to 6 
Discharge temperature (ºC) 1 to 4 1 to 3 9 to 10 
Chiller COP 5 to 6 2.7 to 4 5 to 6 
Discharge fluid Water Secondary coolant Water 
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Tank interface Open system Closed system Open system 
Space requirements More Less Less 
Maintenance High Medium Medium 
 
It is believed that CWS and ITES are the most practical CTES methods, although 
PCMs have been receiving significant attention recently (Dinçer & Rosen, 2011). 
ITES offers larger storage capacity, but presents lower Coefficient of 
Performance (COP) and does not benefit significantly from economies of scale, 
while CWS can benefit significantly from economies of scale but requires much 
more available space (Bahnfleth & Reindl, 1998; Hasnain, 1998; Dinçer & 
Rosen, 2011). Since CTES and air-conditioning (AC) work often involves 
retrofit, where space is a concern, ITES is the likely choice for individual 
commercial and institutional buildings, while CWS is the preferred system for 
industrial and district cooling sites. 
The literature involving case studies of ITES for commercial buildings is vast 
and often concludes that the use of ITES systems can generate benefits for 
consumers and utilities. Sohn et al. (1990) and Akbaru & Sezgen (1992) assessed 
ITES retrofits in commercial buildings in the U.S. Beggs & Ward (1992) 
highlighted that potential savings from the use of an ITES system can be 
nullified completely if the operation strategy is not adequate. Crane & Dunlop 
(1994) reported an ITES system installed in a department store in Oxford Street, 
London. Henze (1995) carried a simulation-based investigation of 360 
combinations of ITES technologies, chillers, commercial buildings, weather and 
rate structures in the U.S. Habeebullah (2007) has conducted an economic 
feasibility study of the use of ITES for the Grand Holy Mosque of Makkah, 
Saudi Arabia, and found no economic gains for ITES with the country’s 
subsidised electricity tariff. Donnely (2012) reviews the methods used in the 
design of an ITES system in the Carroll’s building in Dundalk IT, Ireland, where 
ice-banks store the excess electricity produced by a wind turbine. Sehar et al. 
(2012) assessed the use of ITES for large and medium-sized office buildings in 
U.S. cities with different climate conditions. ITES systems were also assessed for 
commercial buildings in Malaysia by Rismanchi et al. (2012; 2013). Yin et al. 
(2015) simulated ITES in office and retail buildings in California to assess its 
cost-effectiveness and demand response (DR) capabilities, and concluded that 
ITES can provide a reliable and fast load shed without interruption in the 
buildings occupants’ comfort. Wu & Yao-Hsu (2015) concluded that the main 
driver for the uptake of ITES technology is economic. Sehar et al. (2016) 
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simulates a medium-sized office building with integrated solar PV, DR and 
ITES.  
However, based on the author’s knowledge, there is very limited evidence and 
studies related to potential energy and cost savings of using ITES systems in 
Brazil. Alpina CALMAC (2007), currently the only ITES manufacturer in Brazil, 
presents the technical details and specifications of ITES systems installed in 
offices buildings, shopping centres and supermarkets in Brazil. In a report by 
SMACNA BRASIL (1993), the use of ITES is considered one of the main 
methods of energy conservation in AC systems. Cortez et al. (2003) suggests that 
ITES can generate economic benefits for commercial consumers in Brazil even 
though total energy consumption might increase. Vieira (2009) suggests changes 
in the structure of tariffs in Brazil placing CTES as strategic to shift load from 
daytime to night-time. Condessa & Neto (2014) designed and assessed an ITES 
system for one of the campus of a faculty. 
1.1. Aims and objectives 
The use of ITES suggests that commercial consumers adopting ToU tariffs in 
Brazil would possibly benefit from lower energy costs. This research aims to fill 
the gap of evidence by assessing the benefits of ITES technology for wider scale 
integration in Brazil’s commercial sector. To design and assess ITES systems in 
Brazil, this study establishes the cooling load profile for different archetypes of 
commercial buildings in Brazil. Therefore, an important contribution from this 
research effort is to make the case for the development of a library of cooling 
load profiles for Brazil’s commercial building stock. The research objectives are 
to assess how effectively ITES can shape peak demand in Brazil’s commercial 
sector and provide savings with tariffs for commercial consumers, and if the 
solution is economically viable for new and retrofit installations in commercial 
buildings in Brazil. 
2. Commercial buildings in Brazil 
The national programme for electrical energy conservation (PROCEL) collected 
energy consumption data from 953 representative consumers in the high voltage 
commercial sector (PROCEL, 2008). Figure 3 shows how the sample was 
divided in terms of types of buildings, subgroups and tariffs. 
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Figure 3 – Commercial buildings, subgroups and tariffs (Data source: PROCEL, 2008) 
In terms of air conditioning types, 76.6% of the buildings used packaged air 
units, 25.1% used root-top/self-contained units and 16.2% chilled water systems. 
Only 2.3% of the consumers (22 out of 953) related the use of CTES. The types 
of consumers that used CTES were hotels, shopping centres, supermarkets and 
offices. Figure 4 shows the load of the chilled water system in comparison to the 
peak load demand of each type of building. 
 
Figure 4 – Load of the chilled water system in comparison to the building’s peak load 
demand (Data source: PROCEL, 2008) 
This study by PROCEL is still the most detailed database related to energy 
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consumption data in commercial buildings available in Brazil. However, the 
research was undertaken before the release of the Regulation for Energy 
Efficiency Labelling of Commercial Buildings (RTQ-C), released in February 
2009 (INMETRO, 2012), and does not offer information on how the buildings 
relate to current or past energy efficiency standards.  
The RTQ-C classifies commercial buildings in five levels, from the most to the 
least efficient (A to E), and can be based on hourly building energy simulations 
or on the use of a prescriptive method. According to Melo et al. (2014), most of 
building energy efficiency standards being implemented in many countries are 
based on the ANSI/ASHRAE Standard 90.1 - Energy Standard for Buildings 
Except Low-Rise Residential Buildings, which establishes minimum 
requirements for efficient buildings. Melo et al. (2014) compared the building 
energy performance assessment between ANSI/ASHRAE Standard 90.1—2007 
and the RTQ-C in Brazil, and found equivalence between levels A to C of the 
Brazilian regulation and the reference model from ANSI/ASHRAE Standard 
90.1—2007 for commercial buildings, depending on the climate adopted.  
3. Methodology 
Given the aims of this research and the limitation imposed by the lack of in-situ 
measurements, modelling is the method used to assess ITES for commercial 
buildings in Brazil. This research assesses ITES case studies represented by five 
cities, five archetypes of commercial buildings in Brazil, two different operation 
strategies and two types of chiller. Firstly, to design and assess conventional and 
ITES cooling systems it is necessary to establish a design day cooling load 
profile. Secondly, the conventional system is designed to attend the building’s 
cooling load as demanded, while the ITES systems are designed to reduce 
demand charges and eliminate on-peak time energy consumption. It is assumed 
that the cooling is supplied by a chilled water system composed of a chiller, ice 
storage tanks and a mean to deliver chilled water/air to the occupied space. 
Thirdly, the conventional and the ITES systems are compared in terms of 
energetic performance and economic feasibility. 
3.1. Modelling 
3.1.1. Commercial buildings cooling load profiles 
According to ASHRAE (2001), there are several methods to calculate the cooling 
load profile of a commercial building. The heat balance (HB) method applies 
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heat transfer calculations with the construction elements of the building (walls, 
floor, windows, skylights, furniture, ceiling, slab, and roof). Other simplified 
methods are available including the radiant time-series (RTS), the transfer 
function (TFM), the total equivalent temperature differential with time averaging 
(TETD/TA) and the cooling load temperature difference with cooling load 
factors (CLTD/CLF) methods. Previous research assessed the use of ITES 
estimating the building cooling load profile of commercial buildings with the 
CLTD/CLF method (Rismanchi et al., 2012), the TFM method (Wu & Yao-Hsu, 
2015) and, simulation tools such as TRNSYS (Rismanchi et al., 2013) and 
Energy Plus (Sehar et al., 2012; Sehar et al., 2016; Yin et al., 2015).  
The objective of this research is to compare the energetic performance and 
economic feasibility of ITES compared to a conventional system, and not to 
design a “real” AC system, which would require a detailed analysis from an 
experienced designer in the field. Therefore, this research uses a simplified 
approach to the Heat Balance (HB) method proposed by ASHRAE (2001), using 
heat sources and heat gain calculation concepts. The total cooling load is 
estimated to be the sum of the conduction, solar radiation, internal and 
infiltration gains for each hour of the design day, as presented in the following 
equations.  
𝑸𝒕𝒐𝒕𝒂𝒍 =  𝑸𝒄𝒐𝒏𝒅 +  𝑸𝒓𝒂𝒅 +  𝑸𝒊𝒏𝒕 +  𝑸𝒊𝒏𝒇                           ( 1 ) 
Conduction gains are represented by: 
𝑸𝒄𝒐𝒏𝒅 =  𝑸𝒄𝒐𝒏𝒅,𝒓𝒐𝒐𝒇 +  𝑸𝒄𝒐𝒏𝒅,𝒘𝒂𝒍𝒍 +  𝑸𝒄𝒐𝒏𝒅,𝒘𝒊𝒏𝒅𝒐𝒘                      ( 2 ) 
where, 
𝑄𝑐𝑜𝑛𝑑,𝑖 = 𝑈𝑖  𝐴𝑖  (𝑇𝑜 − 𝑇𝑖)                                            ( 3 ) 
Ui is the heat transfer coefficient (U-value), Ai is the respective area and, 𝑇𝑜 and  
𝑇𝑖  are the outside and inside air temperature respectively. The solar radiation 
gains through the windows are represented by:  
𝑄𝑟𝑎𝑑 = 𝐴𝑤𝑖𝑛𝑑𝑜𝑤  𝐼𝑆 𝑆𝐻𝐺𝐶 𝐼𝐴𝐶                                               ( 4 ) 
where Awindow  is the window area facing a certain orientation, Is  is the solar 
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radiation on a vertical surface facing a certain orientation, SHGC is the window’s 
solar heat gain coefficient and IAC the inside shading attenuation coefficient. 
Internal gains are represented by: 
𝐐𝐢𝐧𝐭 =  𝐐𝐢𝐧𝐭,𝐥𝐢𝐠𝐡𝐭𝐬 +  𝐐𝐢𝐧𝐭,𝐩𝐞𝐨𝐩𝐥𝐞 +  𝐐𝐢𝐧𝐭,𝐚𝐩𝐩𝐥𝐢𝐚𝐧𝐜𝐞𝐬                  ( 5 ) 
Infiltration gains are represented by: 
𝐐𝐢𝐧𝐟 =  𝐕𝐢𝐧𝐟 𝛒𝐚𝐢𝐫 𝐜𝐩 (𝐓𝐨 − 𝐓𝐢)                                      ( 6 ) 
where 𝑉𝑖𝑛𝑓 is the infiltration rate, 𝜌𝑎𝑖𝑟 is the air density and 𝑐𝑝 is the specific heat 
capacity of air.  
3.1.2. Conventional and ITES cooling systems design 
Firstly, an ITES system is designed to only eliminate the chiller’s operation 
during on-peak time, supplying full storage from 17:00 to 20:00 (ITES 1). 
Secondly, an ITES system is design to eliminate the chiller’s operation during 
on-peak time and reduce demand charges, supplying full storage from 17:00 to 
20:00 and partial storage from 8:00 to 17:00 and 20:00 to 22:00 (ITES 2). Ice-
making time is considered to be from 22:00 to 8:00 for both strategies. In an 
ITES system the building peak load (TR) does not define the required chiller 
capacity as in a conventional system. Rather, the total cooling load (TRh) needs 
to be met by the chiller over its entire operating period. The set of equations used 
to size an ITES system is presented below, as described by Silvetti (2002). 
𝐂𝐡𝐢𝐥𝐥𝐞𝐫𝒕𝒐𝒕𝒂𝒍 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 (𝐓𝐑𝐡) = 𝐂𝐡𝐢𝐥𝐥𝐞𝐫𝒄𝒐𝒐𝒍𝒊𝒏𝒈 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 (𝐓𝐑𝐡) + 𝐂𝐡𝐢𝐥𝐥𝐞𝐫𝒊𝒄𝒆 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 (𝐓𝐑𝐡)  ( 
7 ) 
𝐂𝐡𝐢𝐥𝐥𝐞𝐫𝒄𝒐𝒐𝒍𝒊𝒏𝒈 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 (𝑻𝑹𝒉) =  𝑪𝒉𝒊𝒍𝒍𝒆𝒓𝒔𝒊𝒛𝒆 (𝑻𝑹). 𝑭𝒔𝒂𝒇𝒆𝒕𝒚. 𝒉𝒄𝒐𝒐𝒍𝒊𝒏𝒈                    ( 8 ) 
𝐂𝐡𝐢𝐥𝐥𝐞𝐫𝒊𝒄𝒆 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 (𝑻𝑹𝒉) =  𝑪𝒉𝒊𝒍𝒍𝒆𝒓𝒔𝒊𝒛𝒆 (𝑻𝑹). 𝑭𝒅𝒆𝒓𝒂𝒕𝒊𝒏𝒈. 𝒉𝒊𝒄𝒆−𝒎𝒂𝒌𝒊𝒏𝒈        ( 9 ) 
then, 
𝑪𝒉𝒊𝒍𝒍𝒆𝒓𝒔𝒊𝒛𝒆 (𝑻𝑹) =   
𝐂𝐡𝐢𝐥𝐥𝐞𝐫𝒕𝒐𝒕𝒂𝒍 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 (𝐓𝐑𝐡)
𝒉𝒄𝒐𝒐𝒍𝒊𝒏𝒈 + 𝒅𝒆𝒓𝒂𝒕𝒊𝒏𝒈 .  𝒉𝒊𝒄𝒆−𝒎𝒂𝒌𝒊𝒏𝒈
                     ( 10 ) 
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The derating factor (𝐹𝑑𝑒𝑟𝑎𝑡𝑖𝑛𝑔) , which accounts for the reduced rate of heat 
transfer affected by the ice buildup thickness, is directly related to the system’s 
design and manufacturer’s specifications, usually varying between 65-75% for 
compressor chillers (Rismanchi et al., 2012; Silvetti, 2002). CALMAC’s Ice Pick 
is the software used by Alpina CALMAC to size ITES systems in Brazil. Ice 
Pick requires the building’s cooling load profile, operation strategy (ice making, 
cooling and partial/full storage times), chiller/storage priority, temperatures of 
the supply and return water-glycol solution, chiller capacity (ice making, cooling 
and partial/full storage) and ice tank model. Figure 5 illustrates the ITES system 
equipment, water circuit and temperatures in each part of the cooling process 
based on design guidance provided by Alpina CALMAC (2016a) and Trane 
(2009). 
 
Figure 5 – ITES engineering design 
3.2. Energetic analysis 
As the systems are designed in kW of heat or Tons of Refrigeration (TR), it is 
necessary to assume COP values for the chiller to estimate the electricity 
consumption. This research uses the approach presented by Henze (1995), in 
which the variation of the plant’s actual COP due to changes in ambient 
conditions is proportional to the change in the COP of a Carnot refrigeration 
cycle. An estimate of the actual COP (𝐶𝑂𝑃𝑎𝑐𝑡,2) at any 𝑇𝑢,2 and 𝑇𝑙,2 can be found 
from the actual COP (𝐶𝑂𝑃𝑎𝑐𝑡,1) provided by the chiller manufacturer at operating 
temperatures 𝑇𝑢,1 and 𝑇𝑙,1 is assumed to be: 
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𝐶𝑂𝑃𝑎𝑐𝑡,2 =  
𝑇𝑢,2  
𝑇𝑢,2−𝑇𝑙,2
   
𝑇𝑢,1  
𝑇𝑢,1−𝑇𝑙,1
 
𝐶𝑂𝑃𝑎𝑐𝑡,1                                     ( 11 ) 
where 𝑇𝑢  and 𝑇𝑙  are the upper (condenser) and the lower (evaporator) process 
temperatures, respectively.  
3.3. Economic analysis 
The economic analysis evaluates if the adoption of ITES can generate savings 
with electricity tariffs and estimates the economic feasibility for both new and 
retrofit ITES installations. The Capital Expenditure (CAPEX) is assessed using 
the Payback period (PB) and the Internal Rate of Return (IRR). The payback 
period (PB) is estimated by: 
𝑃𝐵 =  
𝐶𝐴𝑃𝐸𝑋
𝐴𝑛𝑛𝑢𝑎𝑙 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 𝑤𝑖𝑡ℎ 𝑡𝑎𝑟𝑖𝑓𝑓𝑠 
                                   ( 12 ) 
The IRR is the discount rate 𝑟 when: 
𝑁𝑃𝑉 =  ∑
𝐶𝑛
(1+𝑟)𝑛
𝑁
𝑛−0   = 0                                          ( 13 ) 
𝑤ℎ𝑒𝑟𝑒 𝐶𝑛 is the cash flow and 𝑛 the period. This research assumes that, for new 
installations, the investment represents the capital costs of the chiller and ice 
tanks for both conventional and ITES cooling systems. For retrofits, only the 
costs of acquiring the ice tanks are considered.  
3.4. Data collection 
3.4.1. Weather and electricity tariffs 
Five cities in Brazil were chosen to represent different weather and electricity 
tariffs, as shown in Table 2. 
Table 2 – Cities: Population size, latitude, climate and energy supplier 
City 
Population 
(IBGE, 2016) 
Latitude 
(SWERA, 2016) 
Climate* 
(SWERA, 2016) 
Energy Supplier 
Recife 1.617 mi 8º S 
1A, Very Hot - Humid, 
Tropical Wet-and-Dry 
Celpe 
Salvador 2.675 mi 13º S 
1A, Very Hot - Humid, 
Tropical Wet-and-Dry 
Coelba 
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Rio de Janeiro 6.476 mi 21º S 
1A, Very Hot - Humid, 
Tropical Wet-and-Dry 
Light 
São Paulo 11.967 mi 24º S 
3A, Warm - Humid, 
Humid Subtropical 
AES Eletropaulo 
Florianópolis 0.469 mi 27.4º S 
2A, Hot - Humid, 
Humid Subtropical 
Celesc 
*Climate classification according to ASHRAE Standards 90.1 and 90.2 
 
The TMY (typical meteorological year) weather data are available at SWERA 
(2016) and the vertical solar radiation on North, South, West and East surfaces 
are available at Frota & Schiffer (2011). In terms of tariffs, this research 
considers commercial consumers of the subgroup A4 as presented in Table 3. 
Table 3 – Tariffs for subgroup A4 consumers in Brazil 
    
Recife 
 (Celpe, 2016) 
Salvador 
(Coelba, 
2016) 
Rio de 
Janeiro 
(Light, 2016)  
São Paulo 
(AES 
Eletropaulo, 
2016) 
Florianópolis 
(Celesc, 
2016) 
    
On 
Peak 
Off 
Peak 
On 
Peak 
Off 
Peak 
On 
Peak 
Off 
Peak 
On 
Peak 
Off 
Peak 
On 
Peak 
Off 
Peak 
Blue 
R$/kW 49.31 49.31 68.70 23.99 37.85 20.00 16.92 10.57 36.35 13.56 
R$/kWh 0.55 0.37 0.52 0.36 0.83 0.60 0.50 0.36 0.70 0.48 
Green 
R$/kW 16.89 16.89 23.99 23.99 20.00 20.00 10.57 10.57 13.56 13.56 
R$/kWh 1.75 0.37 2.19 0.36 1.75 0.60 0.91 0.36 1.61 0.48 
 
Table 3 demonstrates that Blue tariffs charge higher contract tariffs (R$/kW) and 
lower consumption tariffs (R$/kWh) than Green tariffs. Moreover, tariffs in 
Salvador are higher than the tariffs in other cities, especially when compared to 
São Paulo, which presents the lower tariffs.  
3.4.2. Commercial buildings 
Based on the report by PROCEL (2008), only five archetypes are considered: 
Medium and large sized offices, hospital, hotel and school. The logic behind the 
chosen archetypes is based on the following: 
 a bank can be defined as an office building; 
 a shopping centre is an archetype that can vary widely in terms of size, 
geometry, functions and occupancy, and a dedicated study would be needed;  
 supermarkets make intensive use of refrigeration units that demand cooling 
for reasons other than space cooling, and a study dedicated to this archetype 
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would be needed.  
As reference models for commercial buildings in Brazil are still not available, 
and based on the findings by Melo et al. (2014) described in section 2, this 
research assumes that the U.S. Department of Energy (DOE) reference buildings 
can be used to develop cooling load profiles for the chosen archetypes. The U.S. 
DOE reference models comply with the minimum requirements of 
ANSI/ASHRAE Standard 90.1 and are purposed to serve as starting points for 
energy efficiency research (NREL, 2011). The dataset used in this study includes 
type, geometry, areas (roof, wall, window, floor), window facing direction, heat 
transfer coefficients, solar heat gain coefficient, occupancy, lightning, appliances 
and infiltration levels.  
3.4.3. Chiller and ice tanks 
The data related to the chiller was collected from manufacturers’ technical 
catalogues. Also, a number of installers in Brazil were contacted via phone and e-
mail. The research assumes two types of chillers: air-cooled (Carrier’s screw 
chillers AQUAFORCE® 30XA) and water-cooled (AQUAFORCE® 30XW). 
The data for ice tanks were collected from manufacturers’ technical catalogues 
and from Alpina CALMAC (2016a; 2016b). CALMAC’s IceBank model C 1190 
is an internal melt ice-on-coil ITES technology and according to the 
manufacturer is the most used ice tank model in Brazil due to size and 
performance specifications.  
Table 4 – Estimated costs for HVAC and ITES equipment for the Brazilian market (Data 
source: Climapress, 2016; Alpina CALMAC, 2016b) 
Description Model R$/Unit* 
Air-cooled chiller AQUAFORCE 30XA 2,287 
Water-cooled chiller AQUAFORCE 30XW 1,757 
Cooling Tower/Condenser circuit - 1,005 
Ice Tank CALMAC C 1190  45,000 
*Per TR for chillers and cooling tower/condenser circuit. Per tank for ice tanks.  
 
Although water-cooled chillers present lower prices per unit in comparison to air-
cooled chillers, the cooling tower/condenser circuit needs to be considered in this 
case. Overall, water-cooled systems would present higher capital costs than air-
cooled systems. 
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3.5. Limitations 
The research aims to assess the benefits of ITES for commercial buildings in 
Brazil, therefore, the cooling load calculation is one of the steps but not the main 
focus of the research. By using the U.S. DOE’s reference buildings dataset, it is 
acknowledged that the cooling load calculations might not fully represent 
Brazil’s commercial building stock. The buildings’ cooling load profiles also 
does not take into account more complex physical interactions within the 
building and gives only an estimation of the amount of heat an air conditioning 
(AC) system would need to remove in order to keep the temperature below a 
certain set point. The building is considered to be a single zone space filled with 
air, assuming no interior walls, furniture, etc., and the internal temperature is 
considered to be constant at 23ºC.  Only sensible heat is considered. Commercial 
buildings can use a wide range of AC systems including direct expansion air 
packaged and rooftop/self-contained units, however, only chilled water AC 
systems (indirect-expansion) are considered in the study. ITES technologies such 
as the Ice Bear (Ice-Energy, 2016) are a solution for direct-expansion systems, 
however, the engineering concept differs significantly from the one approached 
in this research. A real AC system also has secondary systems such as pumping, 
cooling towers, piping, airside and control systems which are not considered in 
the research. Moreover, the CAPEX only considers the costs of the chiller 
(cooling tower and condenser circuit for the water-cooled case) and storage. In 
real life new or retrofit installations, costs may vary significantly depending on 
the location and conditions of the building.  
4. Results and discussion 
4.1. Cooling load profiles 
The model outputs consist of design day cooling load profiles in 𝑊/𝑚2 of heat 
for commercial buildings in different cities in Brazil, as shown in Figure 6. 
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Figure 6 - Design day cooling load profiles (𝑾/𝒎𝟐) 
Based on the design day cooling load profiles, conventional, ITES 1 and ITES 2 
systems were designed for medium-office, large-office and school buildings. For 
hospital and hotel buildings, the chiller provides night-time cooling at the same 
time it produces ice. Due to reduced chiller capacity during ice-making time 
(derating factor, 65%), ITES 2 systems are not designed for hospital and hotel 
buildings as the gains of reducing daytime demand are compensated by higher 
demand during night-time. 
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ITES 1 systems only produce ice to eliminate chiller operation during on-peak 
time, therefore it does not downsize the chiller in comparison to a conventional 
system. On the other hand, in medium-office, large-office and school buildings, 
when the ITES system is designed to also offer partial storage (ITES 2) the 
chiller is downsized. Figure 7 shows the operation of AC systems in the city of 
Recife for a large-office building. The operational curves are similar in other 
cities, as well as in the medium-office and school cases, following the cooling 
load profiles shown in Figure 6.  
 
Figure 7 - Cooling systems on design day for a large-office in Recife 
As mentioned before, due to night-time cooling load and reduced chiller 
capacity, only ITES 1 systems are designed for hospital and hotel buildings. 
Figure 8 and Figure 9 show the operation of conventional and ITES 1 systems in 
the city of Recife for a hospital and a hotel building, respectively. The 
operational curves are similar in other cities, following the cooling load profiles 
shown in Figure 6. 
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Figure 8 - Cooling systems on design day for a hospital in Recife 
 
Figure 9 - Cooling systems on design day for a hotel in Recife 
4.2. Energetic performance 
The chiller’s COP varies according to the chiller’s type, weather conditions and 
ITES strategies. Previous research indicate that the COP during ice-making time 
is generally lower than the daytime’s COP, due to the lower temperature on the 
chiller’s evaporator necessary to make ice. Studies by Sohn et al. (1990), Beggs 
& Ward (1992) and Akbaru & Sezgen (1992) pointed to penalties varying from 
23 to 40% for the ice-making COP. MacCracken (2003; 2010) argues that lower 
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ambient temperatures at night can make the ice-making process more efficient. 
This might be true for air-cooled chillers as the outdoor dry-bulb temperature at 
night can drop about the same as the temperatures on the evaporator needed to 
make ice. For water-cooled chillers, the ice-making efficiency may drop more 
significantly because the outdoor wet-bulb temperature does not drop as much as 
the temperatures on the evaporator needed to make ice. Using the approach 
described in section 3.2, Figure 10 and Figure 11 show how the COP varies 
depending on the climate for air and water-cooled chillers, respectively. 
 
Figure 10 - COP curves for an air-cooled chiller on design day 
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Figure 11 - COP curves for a water-cooled chiller on design day 
Results indicate that the COP penalty for the ice-making process can vary 
between 30-40% in cities in Brazil, with water-cooled chillers presenting slightly 
higher COP penalties than air-cooled chillers due to lower variations on the 
outdoor wet-bulb temperature (compared to dry-bulb temperature) from daytime 
to night-time. It is also possible to notice that ITES 2 may present higher COP 
than ITES 1 and conventional systems during daytime operation (20-30% higher) 
due to its configuration as chiller priority (chiller upstream) on partial storage, 
where the chiller delivers cold glycol-water at higher temperatures to the ice 
tanks. Figure 5 presented the temperatures considered in each stage, depending 
on the ITES strategy. Although water-cooled chillers present higher COP and 
therefore lower electricity demand than air-cooled chillers, a more detailed 
analysis would also need to consider the energy needed to run the pumps and 
fans of the cooling tower/condenser circuit. 
As AC systems are designed in TR, the electricity demand (kW) is estimated by 
dividing the value in kW of heat (which is found dividing the TR value by 3.51) 
by the COP values shown in Figure 10 and Figure 11 for each hour of the day. 
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Figure 12 shows the electricity demand for AC systems in Recife and São Paulo, 
for a large-office building on design day. 
 
Figure 12 - Electricity demand of a large-office in Recife and São Paulo 
For hospitals and hotels, the chiller’s electricity consumption during the night 
can be higher than that of daytime for ITES 1 systems due to night-time cooling 
load and the COP penalty for ice-making. Figure 13 and Figure 14 shows the 
electricity demand for AC systems in Recife and São Paulo, for hospital and 
hotel buildings on design day. 
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Figure 13 - Electricity demand of a hospital in Recife and São Paulo 
 
Figure 14 - Electricity demand of a hotel in Recife and São Paulo 
To calculate the annual energy consumption and costs, the average cooling load 
profile is used instead of the design day cooling load profile. Figure 15 and 
Figure 16 illustrates the annual energy consumption of AC systems in large-
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office and hospital buildings in Brazil. 
 
Figure 15 - Annual electricity consumption of AC systems in a large-office 
 
Figure 16 - Annual electricity consumption of AC systems in a hospital 
The results indicate that AC systems in Recife and Salvador would present 
higher energy consumption than São Paulo and Florianópolis due to higher 
ambient temperatures. ITES 1 presented higher overall consumption than ITES 2 
systems in all cases, due to the higher ITES 2 COP during daytime operation. In 
some cases, ITES 2 might present lower overall consumption than conventional 
systems as well. For buildings with night-time cooling load, ITES would always 
present higher energy consumption than conventional systems. 
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4.3. Economic analysis 
With the electricity demand (kW), annual consumption (kWh) and tariffs as 
presented in Table 3, it is possible to estimate the annual energy costs. ITES 
systems provided medium-office, large-office, and school buildings owners with 
savings in all cases. However, as the cooling load and costs of energy vary from 
city to city, ITES systems would generate more economic gains in certain cases. 
Recife and Salvador not only have the hotter climates but also the higher energy 
tariffs, whereas São Paulo presents the coldest climate and the lowest energy 
tariffs.  Table 5 shows the annual savings with electricity for each city and tariff 
scheme (Blue and Green), when ITES 1 and 2 are compared to conventional 
systems in large-office buildings. 
Table 5 - Large-office annual savings with tariffs (R$) 
 Recife Salvador 
Rio de 
Janeiro 
São Paulo Florianopolis 
Air-cooled      
ITES 1 
Blue  207,436  253,064  131,462  37,573  94,500  
Green  310,031  380,145  217,185  64,493  140,004  
ITES 2 
Blue 372,624  310,659  205,101  82,026  149,011  
Green  389,947  437,740  290,824  108,947  194,515  
Water-cooled          
ITES 1 
Blue  130,417  168,590  77,623  20,360  57,654  
Green  199,074  255,766  134,091  37,982  89,037  
ITES 2 
Blue 200,227  203,827  110,813  34,385  78,803  
Green  232,122  291,002  167,281  52,008  110,186  
 
Based on the chiller and storage sizes, and equipment costs as presented in Table 
4, it is possible to estimate the total CAPEX for new installations and retrofits. 
Table 6 shows that CAPEX for ITES 1 and 2 systems in large-office buildings, in 
comparison to conventional systems. 
Table 6 - Large-office CAPEX of new installations and retrofits (R$) 
New Installations Recife Salvador 
Rio de 
Janeiro 
São Paulo Florianopolis 
Air-cooled           
ITES 1 360,000 315,000 360,000 315,000 315,000 
ITES 2 182,976 152,969 185,597 156,028 174,087 
Water-cooled           
ITES 1 360,000 315,000 360,000 315,000 315,000 
ITES 2 80,814 53,920 93,322 66,957 88,766 
Retrofit      
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ITES 1 360,000 315,000 360,000 315,000 315,000 
ITES 2 675,000 630,000 630,000 585,000 585,000 
 
In new installations, ITES 2 presented lower CAPEX than ITES 1 systems due to 
downsized chillers, even though more storage is needed, but the opposite is true 
for retrofits where only the costs of storage are considered. The attractiveness of 
the ITES solution vary widely depending on the weather and energy tariffs, as 
confirmed in Table 7 and Table 8. 
Table 7 - Large-office payback (yrs) for new installations and retrofits, in Salvador and 
São Paulo 
    Blue Tariff Green Tariff 
New installations 
Air-cooled 
Water-
cooled 
Air-cooled 
Water-
cooled 
Salvador 
ITES 1 1.2 1.9 0.8 1.2 
ITES 2 0.5 0.3 0.3 0.2 
São Paulo 
ITES 1 8.4 15.5 4.9 8.3 
ITES 2 1.9 1.9 1.4 1.3 
  
Retrofits 
  
    
Salvador 
ITES 1 1.2 1.9 0.8 1.2 
ITES 2 2.0 3.1 1.4 2.2 
São Paulo 
ITES 1 8.4 15.5 4.9 8.3 
ITES 2 7.1 17.0 5.4 11.2 
 
Table 8 - Large-office IRR (%/a) for new installations and retrofits, in Salvador and São 
Paulo 
    Blue Tariff Green Tariff 
New installations 
Air-cooled 
Water-
cooled 
Air-cooled 
Water-
cooled 
Salvador 
ITES 1 80% 53% 121% 81% 
ITES 2 203% 77% 286% 110% 
São Paulo 
ITES 1 3% -7% 16% 4% 
ITES 2 52% 6% 69% 16% 
  
Retrofits 
  
    
Salvador 
ITES 1 80% 53% 121% 81% 
ITES 2 48% 30% 69% 45% 
São Paulo 
ITES 1 3% -7% 16% 4% 
ITES 2 7% -9% 13% -2% 
 
It is clear that an ITES system would be more cost-effective in cities with hotter 
climates and higher energy costs, such as Salvador. The same system (ITES 2, 
Green Tariff, Air-cooled, retrofit) can have a payback time varying from 1.4 
years in Salvador to 5.4 years in São Paulo. In São Paulo a maximum payback 
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time of 17 years was estimated for a retrofit, ITES 2, water-cooled system under 
the Blue tariff. The IRR also confirms that the attractiveness of the ITES solution 
varies significantly depending on the weather and energy tariffs. Medium-office 
and school buildings presented similar results.  
However, ITES systems might provide building owners with losses in some 
cases, as found in the hospital and hotel cases. Table 9 shows the annual savings 
or losses with electricity when ITES 1 is compared to conventional systems in 
hospital buildings. 
Table 9 – Hospital annual savings or losses with tariffs (R$) 
 
Recife Salvador 
Rio de 
Janeiro 
São Paulo Florianópolis 
Air-cooled 
Blue 101,295  108,938  -995  -22,607  7,239  
Green 296,818  316,148  146,756  27,503  109,370  
Water-cooled 
Blue 39,900  65,952  -23,556  -26,105  -9,130  
Green 179,631  207,231  73,425  6,573  60,235  
 
The CAPEX for ITES systems in hospital buildings, in comparison to 
conventional systems, is presented in Table 10. 
Table 10 - Hospital CAPEX of new installations and retrofits (R$) 
New Installations Recife Salvador 
Rio de 
Janeiro 
São Paulo Florianopolis 
Air-cooled 346,695 324,376 306,406 270,000 280,606 
Water-cooled 353,276 335,666 313,965 270,000 282,808 
Retrofit      
ITES 1 315,000 270,000 270,000 270,000 270,000 
 
As ITES 1 systems in hospital buildings in Recife, Salvador, Rio de Janeiro and 
Florianópolis would require larger chillers than conventional systems, the retrofit 
case would need to assess the capacity of existing chillers. If the existing chiller 
can operate at the required capacity to generate cooling and ice during night-
time, a retrofit can be considered. The CAPEX difference between new 
installations and retrofits of ITES 1 systems, as seen in Table 10, reflects not only 
the costs of storage but also the costs of larger chillers. As mentioned before, 
ITES systems might lead to annual losses in hospital buildings, which are 
represented in Table 11 as “Negative Cash Flow”. Hotel buildings presented 
similar results. 
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Table 11 - Hospital payback (yrs) and IRR (%/a) of a retrofit, in Salvador and São Paulo 
  Blue Tariff Green Tariff 
 Payback Air-cooled Water-cooled Air-cooled Water-cooled 
Salvador 2.5 4.1 0.9 1.3 
São Paulo Negative cash flow Negative cash flow 9.8 41.1 
 IRR     
Salvador 39% 21% 117% 76% 
São Paulo Negative cash flow Negative cash flow 0% -20% 
 
5. Conclusions 
By creating a library of cooling load profiles for commercial buildings in Brazil 
and designing ITES systems to reduce energy costs for building owners, this 
research assessed the technical and economic aspects of the solution. The use of 
ITES to shift the building’s cooling load to off-peak time might generate 
economic gains for buildings owners, however, this is highly dependent on the 
cooling load profile, the adopted ITES strategy and tariff schemes. Results show 
that ITES can effectively shape peak demand in commercial buildings in Brazil, 
shifting not only on-peak tariff time demand to off-peak tariff time, but also 
daytime cooling demand to night-time (ITES 2). Although overall energy 
consumption of AC systems is generally higher with ITES, on-peak demand can 
be fully or partially eliminated. The changes in the country’s peak demand during 
the summer are still under investigation, however, it is already accepted that the 
intensive use of air-conditioning is one of the factors causing this load shift from 
current on-peak tariff time to off-peak tariff time. The role of ITES in AC load 
management must be considered in these investigations, as the technology’s 
potential to shape electricity demand in the commercial sector can encourage 
Brazil’s policy makers, regulators, grid operators and utilities in considering 
ITES as an option to reduce peak demand, increase security of supply and 
support the integration of intermittent renewable generation. It is essential to 
raise awareness of the ITES solution to stakeholders in Brazil’s energy sector, 
including building owners and AC systems designers.  
Although this study focused on reducing energy costs for building owners with 
the particular tariff scheme currently implemented in Brazil, ITES can be easily 
adapted to other tariff schemes or demand response strategies. Future tariff 
schemes in Brazil could be designed to incentivise the uptake of AC load 
management measures such as CTES, and more specifically ITES. An alternative 
to be considered would be to offer a special night-time tariff (from 22:00 to 
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06:00), cheaper than the current off-peak tariff, as proposed by Vieira (2009). 
The climate plays an important role in determining the attractiveness of ITES, 
however, the electricity tariffs vary significantly from city to city in Brazil and 
this determined the economic feasibility of the ITES solution. It is important to 
highlight that ITES systems require further investigation depending on the local 
situation, which can vary widely from one building to the other. New 
installations and retrofits require available space for additional equipment, 
including storage tanks, which can affect the feasibility of the project. The 
retrofit case would also need to assess the capacity of the existing chiller, as 
ITES systems in hospitals and hotels might require larger chillers than 
conventional systems due to reduced capacity during ice-making time. 
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